INTRODUCTION
Reef growth patterns during interglacial sealevel highstands have been well studied based on drilling of Holocene and last-interglacial reef deposits (Montaggioni, 2005; Woodroffe and Webster, 2014) . Reef growth has been characterized by three main patterns: "keep up", "catch up", and "give up", in addition to "prograded" and "backstepped" (Woodroffe and Webster, 2014; Camoin and Webster, 2015) . In keep-up or catch-up mode, as reefs accrete vertically to-ward the sea surface, reef geomorphic zonation such as reef flat, back-reef lagoon, and fore-reef slope has been established. The accommodation space of a back-reef lagoon is gradually filled with transported reef-flat sediments as a result of wave action on exposed reef flats (e.g., Kennedy and Woodroffe, 2002; Smithers, 2011) . Recently, reef growth patterns during the last-deglacial sea-level rise have been revealed (Camoin et al., 2012) . However, reef growth patterns during glacial sea-level fall and glacial sea-level lowstands are yet to be fully understood (e.g., Esat and Yokoyama, 2006) .
During relative sea-level (RSL) fall due to eustasy, glacio-hydroisostasy, and/or tectonic uplift, an emergent give-up type reef typically occurs (Woodroffe and Webster, 2014; Camoin and Webster, 2015) . Depending on the rate and magnitude of the RSL fall and available substrate, the reef system progrades (migrates seaward) and a new reef develops at a lower elevation ("turn-on"), but as a consequence, the entire preexisting reef is left stranded ("turn-off") . Typical examples are reef flats during the late Holocene sea-level fall, when highly productive coral reef flats changed to less-productive rubble and algal flats (e.g., Smithers, 2011; Harris et al., 2015) . Rapid tectonic uplift can also cause similar back-reef turn-off and the turn-on of a new reef in a more seaward position (e.g., Webster et al., 1998) . However, little is known about how reefs and associated environments respond to more rapid and larger-amplitude sea-level falls.
Last Glacial Maximum (LGM) reefs have been observed at Mayotte (Indian Ocean), Vanuatu, Solomon Islands, Marquesas Islands (Pacific Ocean) (reviewed by Montaggioni, 2005) , and Ryukyu Islands (Japan) (Sasaki et al., 2006) as thin veneers or coral communities 2-3 m thick, at depths of mostly 100-150 m below sea level (mbsl). More recently, sediment cores recovered from the shelf edge of the Great Barrier Reef during Integrated Ocean Drilling Project (IODP) Expedition 325 revealed that drowned shelf-edge reefs composed of in situ coralgal frameworks and associated microbialites developed during the LGM and the subsequent last deglaciation (Webster et al., 2018; Braga et al., 2019; Humblet et al., 2019) . In addition, combined paleo-water depths and >580 radiometric ages of the coralgal assemblages revealed a two-step sea-level plunge, each of several tens of meters in magnitude and a change rate of 15-20 mm yr -1 , into the LGM (Yokoyama et al., 2018) . In response to these sea-level changes, five reef sequences have migrated vertically and laterally since 30 ka (Webster et al., 2018) . Foraminiferal assemblages from unconsolidated reef sediments in the IODP Expedition 325 cores have also closely tracked associated changes in depositional environments. In particular, shallowing-upward sequences observed in the LGM deposits are likely related to the two-step falls in sea level (Yagioka et al., 2019) .
Here we show the formation of reef-flat and back-reef environments following rapid sea-level fall (at a rate of 15-20 mm yr -1 and magnitude of several tens of meters) during the LGM on what is now the Great Barrier Reef shelf edge, based on benthic foraminiferal assemblages, abundances, and taphonomic grades combined with radiocarbon dating of foraminiferal tests. We propose a model of reef growth, including reef-flat and back-reef generation, in response to rapid sea-level falls during the LGM.
MATERIALS AND METHODS
A total of 65 unconsolidated sediment samples were collected at depths from 111 to 140 mbsl from six cores retrieved from inner and outer submerged reef terraces along two transects (HYD-01C and HYD-02A; Fig. 1 ) from Hydrographers Passage (19.667°S, 150.417°E). The grain-size composition and benthic foraminiferal taxonomic composition data for 47 of the 65 samples have been reported by Yagioka et al. (2019) ; 18 additional samples were analyzed for those data types in this study. For each sample, sediments were washed, dry sieved, and weighed (weight percent) to estimate grain-size composition. Sediments of 2-0.5 mm size fraction were split with a splitter until a subsample contained >150 benthic foraminifer tests. All benthic foraminiferal specimens were picked from the subsample, identified to the lowest taxonomic level possible, and counted. More than 500 particles in another subsample were identified and counted to estimate bioclast compositions for each sample. Preservation states of >100 tests of Baculogypsina sphaerulata picked from an additional subsample were categorized in each sample, mainly based on abrasion states of spines (the number of spines remained), into grade S (all spines remaining), grade A (some spines remaining), grade B (the roots of spines remaining), and grade C (no spines or roots remaining). The proportion of stained tests of B. sphaerulata, which indicates reworking from exposed older deposits (Yordanova and Hohenegger, 2002) , was also calculated among >100 Baculogypsina tests in each sample. 14 C ages were measured on well-preserved tests (grades S, A, and B) of B. sphaerulata and Calcarina spp. from 22 selected samples (10-15 specimens for each sample).
Accelerator mass spectrometry (AMS) analyses were performed using a single-stage AMS at the Atmosphere and Ocean Research Institute at the University of Tokyo (Japan). Conventional 14 C ages were calibrated to calendar ages using Ox-Cal v.4.3 (https://c14.arch.ox.ac.uk/oxcal.html) using the Marine13 curve (Reimer et al., 2013) . Reef 4 13-10 ka ΔR = 12 ± 6 yr was used as the local reservoir correction of the Great Barrier Reef. Sediment accumulation rates (in millimeters per year) were calculated from a core-depth interval divided by the difference in foraminiferal calibrated mean ages between the nearest two samples.
STRATIGRAPHIC CHANGES IN THE FORAMINIFERAL DATA SET
In the IODP Expedition 325 cores, four benthic foraminiferal assemblages have been delineated by multivariate analyses (Q-mode cluster analysis and non-metric multidimensional scaling; Yagioka et al., 2019) . As reported in Yagioka et al. (2019) , benthic foraminiferal assemblages in the studied intervals show upward changes from assemblage B to assemblage A (Fig. 2; Figs. DR1-DR2 and Table DR1 in the GSA Data Repository 1 ). Assemblage B is characterized by Amphistegina spp. and Calcarina spp., indicative of an upper photic zone (10-30 m deep) associated with hard substrates, while assemblage A is dominated by Calcarina spp. and B. sphaerulata, indicative of a backreef to reef-margin zone (0-10 m deep; Yagioka et al., 2019) . Assemblage A appears in a narrow depth range (∼117 mbsl) for HYD-01C, but at variable depth (118-138 mbsl) for HYD-02A. At core depths where assemblage A appears, foraminiferal proportion in reef sediments is ∼26% (up to 56%), associated with corals (∼23%), mollusks (∼27%), calcareous algae (∼20%), and echinoderms (∼2.8%). Well-preserved B. sphaerulata tests (grades S and A) are also more common (∼18%, up to 56%), and the proportion of stained B. sphaerulata tests decreases upward (Fig. 2B ). 14 C-AMS ages of B. sphaerulata and Calcarina spp., which indicate the time when these foraminifers were alive (i.e., production age), are mainly concentrated at ca. 27-25 ka for HYD-01C, and 22-19 ka for HYD-02A (Fig. 3 ). Sediment accumulation rates range from 0.74 to 2.86 mm yr −1 for HYD-01C, and from 0.61 to 5.28 mm yr −1 for HYD-02A (Table DR2 ). The higher rates correspond to stratigraphic intervals where assemblage A is associated with higher foraminiferal proportions.
EVIDENCE FOR REEF-FLAT AND BACK-REEF FORMATION FOLLOWING LGM RAPID SEA-LEVEL FALLS
Because the basin level change (subsidence) along the northeastern Australia margin has been negligible (0.003-0.05 m k.y. −1 ; Webster et al., 2018) , the upward shallowing indicated by foraminiferal assemblages (Yagioka et al., 2019 M0033A (19.6789°S, 150.2399°E, 92.00 m below sea  level [mbsl]) (A) and M0043A (19.7963°S, 150.4815°E, 131.27 mbsl) accumulation. Assemblage A dominated by Calcarina spp. and B. sphaerulata corresponds to the present-day reef-flat and back-reef assemblages in the Great Barrier Reef (e.g., Doo et al., 2016; Fellowes et al., 2016) . High foraminiferal proportions in reef sediments are also similar to those in modern reef-flat sediments (∼30%, up to 60%; Yamano et al., 2000; Dawson et al., 2014; Fellowes et al., 2016) . Similar proportions of well-preserved B. sphaerulata tests are found in the offshore part (e.g., algal turf zone) of modern reef flats (Dawson et al., 2014; Fellowes et al., 2016) , indicating that the depositional setting is close to a reef-margin environment. Decreased proportions of stained B. sphaerulata tests suggest that most of foraminiferal tests are produced near the depositional setting. Taken together, this evidence implies that reef-flat and back-reef environments were formed during the growth of two distinct reef sequences, which correspond to ca. 27-25 ka (reef 2 in Figs. 1 and 2) for HYD-01C, and 22-19 ka (reef 3a) for HYD-02A, based on our foraminiferal production ages and other published data (Webster et al., 2018; Humblet et al., 2019) . The timing of reef-flat and back-reef formation is consistent with the two stepwise falls in sea level during the LGM (Yokoyama et al., 2018;  Fig. 3 ). Our foraminiferal data set also supports the results of Yokoyama et al. (2018) regarding the nature of sea-level changes during the LGM. The first phase of reef-flat and backreef formation at ca. 27-25 ka occurred after an initial rapid fall in sea level (>40 m) from 31 to 29 ka (the start of LGM-a period; Lambeck et al., 2014) . RSL at Hydrographers Passage was ∼110 m at 26 ka then gradually rising afterward to the end of the LGM-a period (21.5 ka; Yokoyama et al., 2018) . In response to this initial RSL fall, reef 2 started to grow on Marine Isotope Stage 3 or older slope deposits at ca. 27 ka, forming a very narrow and ephemeral fringing reef system with a slow vertical accretion rate (0.3-2.5 mm yr −1 ; Webster et al., 2018) . Reef flat and back-reef lagoon likely developed as shallow-water reefs accreted to reach sea level, and gradually filled the accommodation space behind the narrow fringing reef system (Fig. 4) .
The second phase of reef-flat and backreef formation at ca. 22-19 ka corresponded to a period following a rapid sea-level fall of ∼20 m at ca. 21.5 ka (the start of the LGM-b period; Yokoyama et al., 2018) . This sea-level fall resulted in the turn-off (emergent give-up) of reef 2 and the turn-on of reef 3a. Reef 3a migrated seaward within 2 k.y., showing a pattern of shallowing, offlapping sequences (Webster et al., 2018) . Reef-flat and back-reef environments likely developed soon after the rapid sealevel fall but also persisted following rising sea levels as reefs accreted and filled the accommodation space behind them. This is supported by a recent reconstruction of the early and rapid deglaciation in the southern-central Great Barrier Reef including Hydrographers Passage, which resulted in a linear, laterally connected coast (Hinestrosa et al., 2019) .
LGM REEF GROWTH AND BACK-REEF SEDIMENTATION
The vertical reef accretion followed by reef-flat and back-reef formation is similar to numerous reefs changing from catch-up to keepup mode during sea-level rise, relocating in a coastal direction (Woodroffe and Webster, 2014; Camoin and Webster, 2015) . However, the driver for LGM reef growth was rapid sea-level fall, and the reef migration was in a seaward position. In addition, antecedent topography may have an important role in how reefs develop during periods of rapid sea-level fall. Geomorphically mature fringing reefs likely developed on preexisting sedimentary structures with a topographic relief (Fig. 4) .
Sediment accumulation rates of back-reef deposits following LGM rapid sea-level falls were <5 mm yr −1 , which are comparable to or higher than vertical accumulation rates of Holocene back-reef lagoon deposits (<3 mm yr −1 on average for the Great Barrier Reef: Montaggioni, 2005; Harris et al., 2015;  <7 mm yr −1 on average for other regions: e.g., Montaggioni, 2005; Klostermann and Gischler, 2014; Gischler and Kuhn, 2018) . This result, together with rare age reversals and commonly wellpreserved foraminiferal tests, implies that sufficient accommodation space was available to facilitate the rapid filling and preservation of back-reef sediments following LGM rapid sealevel falls. It might also imply that biological carbonate production may have outpaced that LGM-b
LGM-a during the Holocene and previous interglacial periods. Higher carbonate productivity is likely due to relatively high carbonate saturation state and milder sea-surface temperature during the LGM compared to the Holocene and interglacial periods (Felis et al., 2014; Riding et al., 2014) .
CONCLUSION
This independent foraminiferal data set supports Yokoyama et al. (2018) in defining the nature of RSL changes in the Great Barrier Reef region during the LGM, while also providing evidence of geomorphically mature fringing reefs during the LGM. We find that antecedent topography likely plays an important role in how reefs develop during periods of rapid sealevel fall. Significantly, the rates of back-reef sediment accumulation were similar or higher during the LGM compared to today.
